Previous works have shown that ceramic matrix composites are sensitive to delayed failure during fatigue in oxidizing environments. The phenomenon of slow crack growth has been deeply investigated on single fibers and multifilament tows in previous papers. The present paper proposes a multiscale model of failure driven by slow crack growth in fibers, for 2D woven composites under a constant load. The model is based on the delayed failure of longitudinal tows. Additional phenomena involved in the failure of tows have been identified using fractographic examination of 2D woven SiC/SiC composite testspecimens after fatigue tests at high temperatures. Stochastic features including random load sharing, fiber overloading, fiber characteristics and fiber arrangement within the tows have been introduced using appropriate density functions. Rupture time predictions are compared to experimental data.
Introduction
Ceramic matrix composites are potential candidates for use in industrial systems working at high temperatures under aggressive environments, including aeronautical engines or nuclear reactors. Thus, controlling and predicting the rupture time of composites under fatigue conditions becomes an important issue with a view to long term applications.
Ceramic matrix composites like SiC/SiC which consists of SiC matrix reinforced by SiC fibers have been shown to be sensitive to delayed failure at intermediate temperatures (600-700°C) under stresses far lower than strength [1] [2] [3] . Fiber bundles at intermediate temperatures has been investigated [4] [5] [6] . Slow crack growth of the surface defects from oxidation at grain boundaries in the fibers has been shown to be the driving mechanism of delayed failure [6] . A model of delayed failure based on slow crack growth in single filaments has been proposed and validated using experimental stress-rupture time data obtained on tows tested in static fatigue at high temperature [4] [5] . Multifilament tows represent a fundamental entity in textile composites. They comprise several hundreds of single filaments. They progressively carry the load as the matrix is damaged, and they control composite ultimate failure [7] . Multifilament tows are more elastic and damage tolerant, whereas single fibers are brittle. This feature of the tows results from the statistical distribution of fiber strengths. Under monotonous loading, the ultimate failure of tow is preceded by individual fiber breaks. The fraction of the fibers which broke reaches a critical value when the surviving fibers are unable to carry the load [8] . The weakest tow controls the ultimate failure of the composite specimen.
The proposed multiscale approach to the delayed failure of 2D woven ceramic matrix composites, is based on the behaviour of longitudinal tows, i.e. those tows oriented parallel to the loading direction. These longitudinal tows progressively carry the load as the matrix is damaged. They may be exposed to oxidizing environment at high temperature through the channels of matrix cracks. The behaviour of longitudinal tows was identified using fractographic examination of 2D woven SiC/SiC composites testspecimens after static fatigue tests at high temperature.
2-Experimental: procedure and results
Static fatigue tests were carried out on 2D woven SiC/SiC composites, with a view to establish stress-rupture time diagrams. Rupture times were measured on tensile specimens subjected to a constant load at 500°C. The load was such that the proportional limit was exceeded and cracks were created in the matrix. An extensometer was mounted on the specimens with a view to measure deformations during fatigue. Results showed that deformation remained constant during the tests. This was expected since it is known that creep occurs at much higher temperatures ( 1200°C) [9, 10] . After the tests, the fracture surface of specimens was examined using the Scanning Electron Microscope (SEM), for identification of failure modes in the longitudinal tows which are oriented parallel to the loading direction. Figure 2c ). These fracture patterns were observed in groups of fibers touching each other (clusters). These groups contained at least one fiber with a fracture pattern typical of slow crack growth, or one typical of brittle fracture.
From these fiber fracture patterns, the following failure mode can be proposed for the tows in a composite specimen. In the presence of cracks in the matrix, which are deflected by some fibers, the surface of these fibers is exposed to oxidation and the pre-existing flaws located at the surface of these fibers can grow slowly [4] [5] [6] . When these fibers fail, the load they carried is shared by surviving fibers located in the area. The fibers touching the failed one subsequently fail catastrophically (with smooth fracture surfaces) as well as those isolated fibers which cannot withstand overloading (fracture mirrors).
3-Model of delayed failure of longitudinal tows within a composite specimen
The model must reproduce the above failure modes as well as the resulting disturbance in load sharing. Cracks that have been created in the matrix by the applied load are perpendicular to the direction of load, and obviously, to the longitudinal tow axis. These cracks have been deflected by fibers because interfacial debonding occurs along fiber interface. The applied load exceeds the proportional limit, but it is far smaller than the resistance of fibers, so that fibers do not fracture during application of the load and matrix cracking [1] . These fibers are then exposed to an oxidizing environment, which penetrated through the matrix cracks.
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It has been demonstrated in previous papers that the rupture time due to slow crack growth for a single fiber under a constant tensile stress  is given by [4, 5] :
where a i is the initial size of the flaw, which grew slowly to critical length a c . v is crack velocity: v = , with K I = stress intensity factor, A 1 and n are slow crack growth constants, which depend on material and environment.  is the stress operating on fiber,  f is the initial strength of the fiber (i.e. in the absence of environmental effect), K IC is the critical stress intensity factor, Y is a shape parameter depending on crack geometry ( = 2/  for a surface located penny shaped crack).
Stresses on fibers depend on both the elementary force operating on each fiber (f), and the section of fiber. Fiber diameters have been shown to follow a Gaussian distribution [11] , so that fiber sections S i within a tow are also described using a Gaussian or normal distribution P G (S i ).
The elementary force f is a statistical variable also. It depends on the microstructural factors which control load sharing such as the amount of matrix bonded to the fiber (the distance to neighbouring fibers), fiber arrangement, the density of matrix cracks and the size of interface cracks associated to matrix crack deflection. As a result of variability in these microstructural factors, random sharing of the applied force prevails [8] . So, elementary forces on fibers f were assumed to follow a normal distribution P N (f). When a fiber breaks from slow crack growth, the force it was carrying is shared by the surviving fibers. For the same reason as above, random load sharing is assumed. So, the resulting force increments (f) on surviving fibers are assumed to follow a normal distribution P N (f) with f = f, f is the force which was carried by the fiber which broke.
When a group of fibers fails f = f, and a larger force increment operates on the surviving fibers. It depends on the size of the cluster defined by the number of touching adjacent fibers. Figure 4 shows the statistical distribution of cluster sizes P N (k), which were identified by fractography. Figure 5 shows the statistical distribution of force increments f. The resulting force f + f after a fiber failure is compared to fiber strength to check whether the fiber will fail catastrophically or experience slow crack growth: if f + f   f . S, the fiber fails; if f +f <  f .S, it undergoes slow crack growth. The failure time is given by ). We assume a uniform stress in the volume V. The procedure of simulation is depicted on figure 6 . The rupture time of a longitudinal tow is thus given by the sum of the rupture times due to slow crack growth under load f (for the fiber which failed first) and then successive overloads (f + f). It must be pointed out that slow crack growth during the previous steps prior to overloading was neglected at this stage, so that time to failure may be strictly overestimated. However, it was considered that this effect is negligible because of the various random variables involved in the model. First of all, the fibers which are considered successively are selected randomly through 3 parameters (fiber section S i , elementary force f and strength  f ) which were choosen using random numbers X, Y and U:
Then, the overload that is experienced by the next fiber is also selected using the same method:
The microstructure is characterized by the distribution of cluster sizes (figure 4). It may be changed through the statistical parameters.
4-Results and discussion
Computations of rupture times were performed for 9 different values of the force applied to the composite specimen (F comp ) and a given microstructure characterized by the above distribution of cluster sizes (figure 4). The force F operating on the longitudinal tows was derived by assuming that the force on composite was shared equally by all the longitudinal tows:
 was taken to be the number of longitudinal tows within the specimen (150). 50 computations per force were carried out. Characteristics of fibers, and density functions are summarized in table 1. Figure 7 shows the stress-rupture time diagram which was computed. The predictions agree quite well with the experimental results which were obtained on composite test specimens. It can be noted that the lifetimes were overestimated at low stresses. The origin of this discrepancy has not been fully elucidated yet. But, it may possibly be attributed to the relation which was used for the determination of the force on tows (F) from the force applied to composite test specimens (F comp ). Thus, the comparison of minicomposites and composites behaviour has shown that 150 was an overestimate of , at low stresses, as a result of different
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load sharing. The assumption of equal load sharing of the taws at lower stresses may be incorrect. Stress concentrations from local load sharing of tows may need to be considered for low applied stress on composite. Figure 7 shows that the predictions exhibit a significant scatter. As indicated above, these results were derived from predicted tow rupture times. The scatter thus results from variability in fiber selection (through Si and  f ) and loading (through f and f). It reflects variability in the slow crack growth failure process, in terms of initiation (selection of the fibers which failed by slow crack growth) and propagation. It is worth pointing out that the distribution of fiber clusters showed on figure 4 was kept unchanged, so that a class of microstructure was considered. According to the fracture mode of 2D woven ceramic composite specimens, which is controlled by the weakest tow [1] , the lifetime of composite should be caused by the fracture of the tow which fails first. Comparison of composite lifetimes and tow based predictions shows that a few rupture times coincide with the lowest tow lifetimes. This result can be interpreted as follows. First it supports the pertinence of the tow-based model being controlled by the weakest tow. Then, it indicates that in some specimens, the tows were stronger than the weakest tows of the predicted tow lifetime distribution. As a consequence, a certain additional scatter in composite rupture times should be obtained, depending on the shortest life tow present in the composite specimen. Additional experimental data on composite test specimens would be necessary to determine scatter in composite rupture times.
5-Conclusions
The multiscale model of delayed failure yielded satisfactory predictions of stress-rupture times for 2D woven ceramic matrix composites. The model is based on the failure mode of tows which involves slow crack growth activated by oxidation in fibers and overloading of fibers when fibers fail. Microstructure features as well as microstructure dependent random phenomena were taken into account: i.e. variability in fiber characteristics, load sharing depending on damage, and size of fiber clusters. The relation between tow and composite was found to be satisfactory, except at low loads. It was based on the number of tows present in the composite specimens. The typical microstructure which was considered, was described by the density function of cluster sizes identified by fractography. The significant variability in tow rupture-times which was observed reflects the influence of tow microstructure. Scatter in composite lifetimes should be reduced since rupture is controlled by the failure of one of the weakest tows. The model can be used to predict microstructure-lifetime relations as well as to design tows with long rupture times.
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